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Abstract
The circumboreal forest encompasses diverse landscape structures, dynamics and forest age distributions
determined by their physical setting, and historical and current disturbance regimes. However, due to intensifying
forest utilisation, and in certain areas due to increasing natural disturbances, boreal forest age-class structures have
changed rapidly, so that the proportion of old forest has substantially declined, while that of young post-harvest
and post-natural-disturbance forest proportions have increased. In the future, with a warming climate in certain
boreal regions, this trend may further be enhanced due to an increase in natural disturbances and large-scale use
of forest biomass to replace fossil-based fuels and products.
The major drivers of change of forest age class distributions and structures include the use of clearcut short-
rotation harvesting, more frequent and severe natural disturbances due to climate warming in certain regions. The
decline in old forest area, and increase in managed young forest lacking natural post-disturbance structural legacies,
represent a major transformation in the ecological conditions of the boreal forest beyond historical limits of variability.
This may introduce a threat to biodiversity, ecosystem resilience and long-term adaptive capacity of the forest
ecosystem.
To safeguard boreal forest biodiversity and ecosystem functioning, and to maintain the multiple services provided to
societies by this forest biome, it is pivotal to maintain an adequate share and the ecological qualities of young post-
disturbance stages, along with mature forest stages with old-growth characteristics. This requires management for
natural post-disturbance legacy structures, and innovative use of diverse uneven-aged and continuous cover
management approaches to maintain critical late-successional forest structures in landscapes.
Keywords: Adaptive capacity, Biodiversity, Boreal forest, Climate change, Forestry, Ecosystem services, Forest dynamics,
Forest management, Resilience
Background
The boreal forest provides humankind with essential
ecological goods and services, and resources for
economies at local, regional and international levels
(Burton et al. 2010). Approximately two-thirds of the
boreal forest is currently under some kind of utilisation
(Gauthier et al. 2015a). The circumboreal forest contains
more than one third of all terrestrial carbon, which is
comparable to or more than that of tropical forests (Pan
et al. 2011; Bradshaw and Warkentin 2015). At the same
time, this biome comprises a large share of the world’s
remaining forest ecosystems with negligible human im-
pact (Bradshaw et al. 2009).
Even if the number of tree species is generally low, a
single boreal forest stand can contain some 2500–5000
species (Kuuluvainen and Siitonen 2013), suggesting
highly complex interaction webs (Burton 2013). A large
share of the boreal species can be considered generalists.
However, certain species are strictly confined to specific
habitats, especially those found predominantly in natural
forests (Nordén et al. 2013) and in specific conditions
such as post-fire (Nappi et al. 2010) or old forest
(Bergeron and Fenton 2012). These species are known
to be most vulnerable to changes in climatic and forest
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structural conditions (Fenton and Bergeron 2008;
Nordén et al. 2013).
In pristine conditions, boreal vegetation dynamics are
driven by various types of natural disturbances acting over
a range of spatial and temporal scales. These include large
intense fires (Boulanger et al. 2014), low-intensity ground
fires (Shorohova et al. 2011) and insect outbreaks
(Régnière et al. 2012), which shape forest stand age struc-
ture at the landscape level, to finer scales but more con-
tinuous perturbations such as the deaths of individual
trees or small tree groups (McCarthy 2001; Kneeshaw et
al. 2011; Kuuluvainen and Aakala 2011). Disturbances of
varying severity and operating at different and nested
spatio-temporal scales result in heterogeneous stand age
distributions and landscape mosaics, to which native
biodiversity has adapted during their evolution. From
the standpoint of biodiversity and ecosystem function-
ing, especially young post-disturbance forest (Swanson et
al. 2011) and old late-successional forest (Shorohova et al.
2011) are particularly critical developmental stages in this
forest mosaic.
When striving for ecosystem management, it is im-
portant to understand not only natural forest dynamics,
but also how humans have impacted forest structures
through times. Throughout the Holocene, ever since
people inhabited the different boreal regions, they have
affected forests in one way or another (Josefsson et al.
2009). For early forest dwellers, the forest was a source
of raw materials, food, energy and various other services.
Since medieval times in Europe, the rapidly increasing
human population led to strong modification and
agricultural use of the southern boreal forest. From late
19th century the circumboreal forest has been impacted
more and more by industrial-scale forestry. Currently
the boreal forest, especially in its southern regions, is
managed primarily for timber production and to a small
but increasing extent, for bioenergy (Brandt et al. 2013;
Helmisaari et al. 2014).
Changes in mean annual temperature and precipita-
tion regimes have already been reported in the boreal
biome (McKenney et al. 2006; Groisman et al. 2017),
and future projections suggest rapid temperature in-
creases of 3.3–5.4 °C by 2071–2100 compared with
levels meassured 1961–1990 (Lindner et al. 2010; Price
et al. 2013). These changes will notably impact boreal
forest ecosystems through the change in disturbance
regimes. Both abiotic disturbances (fire, extreme events
such as droughts and windstorms) or biotic disturbances
(outbreaks of native or invasive insects, fungi and other
pathogens) are predicted to increase in frequency,
intensity or severity under future climatic conditions
(Flannigan et al. 2005, 2009; Lindner et al. 2010; Allen et
al. 2010; Aakala et al. 2011; Régnière et al. 2012; Langor
et al. 2014). The likely impact of this is an increased
proportion of early successional forest and a decrease in
the proportion of older forest.
The combined and cumulative effects of accelerating
natural resource utilisation and warming climate are
predicted to strongly alter boreal forest ecosystem dy-
namics, structures and composition and, hence, the age
class mosaic of boreal forest landscapes. Climate is chan-
ging most rapidly at high latitudes affecting the forests
directly by causing environmental stresses such as
drought (Aakala et al. 2011; Price et al. 2013; Groisman
et al. 2017), and indirectly through changes in disturb-
ance regimes (Gauthier et al. 2015a). Other global
change impacts, such as multiple and cumulative im-
pacts of resources management and land use, from for-
estry, oil and gas exploration and invasive species, are
also occurring with potential adverse effects on the
health of the boreal forest (Gauthier et al. 2015a). The
impacts of these drivers are most clearly visible in the
change in the properties and structure of the succes-
sional stage mosaics of forest landscapes (Fig. 1a).
What is taking place all across the boreal forest is that
the area of old late-successional forest is rapidly decreas-
ing and is being replaced by young post-harvest or
post-disturbance forest (Cyr et al. 2009; Kuuluvainen
2009). This change in the forest’s coarse-scale structure is
likely to have fundamental impacts on the ecological prop-
erties of the forest, including its biodiversity, ecosystem re-
silience and ability to store carbon (Bradshaw et al. 2009).
In this paper, we review and discuss the ecology of and
prospects for ecosystem management of the boreal for-
est under global change risks. We define forest ecosys-
tem management as a system aiming at maintaining key
ecosystem properties, such as biodiversity, functioning
and resilience, by minimising the differences between
managed and natural ecosystems in terms of forest
structure and composition at various scales (Gauthier et
al. 2009c, 2009a, 2009b). Using north-eastern Canada
and Fennoscandia as examples, we 1) discuss the key
ecosystem management challenges in the boreal forest;
2) review disturbance regimes, and the resulting forest
successional stage distributions, as an ecological basis of
ecosystem management; 3) describe how forest manage-
ment and global change have affected, and will likely
affect, the distribution of forest successional stages, in
particular the amount and quality of young post-disturbance
and old forests; and 4) discuss how forest ecosystem
management principles can be used to mitigate the adverse
impacts and risks brought about by changing forest age
distributions.
Human impact and ecosystem management
challenges
Throughout the boreal zone, forests, forestry and forest
industry play a key role in the economy and livelihoods
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of people and societies. Traditionally, boreal forest man-
agement has focussed on provisioning of continuous and
preferably increasing availability of woody raw material
and protection from natural disturbances. This approach
is called sustained yield management (Puettmann et al.
2009). Since the 1990s, sustainable forest management
principles have been diversified and redefined to encom-
pass a wider array of environmental, economic and
societal values and goals, such as biodiversity conserva-
tion, productivity maintenance, global biogeochemical
cycles and socio-economic benefits.
Currently the grand challenges of forest ecosystem
management are to maintain economic and social
sustainability and at the same time mitigate and adapt
to climate change, and safeguard biodiversity and re-
lated ecosystem services (Bradshaw et al. 2009;
Gauthier et al. 2015a). These challenges in different
combinations are omnipresent across the circumbor-
eal regions with different histories, and natural and
social settings (Angelstam et al. 2011). These differ-
ences can be exemplified by comparing the situation
in two boreal regions, north-eastern Canada and
Fennoscandia (Table 1).
In both regions forestry and forest industry form an
important part of the economy, forest resources are used
efficiently and the dominating management practise is
even-aged management, where final harvesting is done
by clearcutting. However, there are important differences
between the two regions. In eastern Canada,
industrial-scale forest management has been mostly ex-
tensive, while in Fennoscandia most of the forest is
under intensive management (Table 1). In north-eastern
Canada Industrial-scale management is also more recent
and at the beginning of this century, less area than the
area of productive forest had been harvested once
(Burton et al. 2003; Venier et al. 2014). In most parts of
Fennoscandia efficient forest utilisation has lasted longer,
has been more diverse and intensive, and is currently
increasingly based on cutting second growth forests
(Esseen 1997; Keto-Tokoi and Kuuluvainen 2014).
Both in north-eastern Canada and Fennoscandia, the
dominating even-aged management practice has had,
and continues to have, a major impact on forest land-
scape characteristics, such as patch size distributions
and proportions of early- versus late-successional forest
stages (Table 1; Fig. 1). These changes are illustrated in
Fig. 1 An illustration of typical differences in forest landscape age class mosaic and forest stand structure and development in natural versus
managed forest. a A natural landscape that was originally mostly composed of large patches of mature or old forest is fragmented into a finer
scale patchwork of young forest. The landscape example comes from north eastern Canada, from the Lake Abitibi region at the border between
Ontario and Québec. b Illustration of the difference in the length of time since disturbance and stand development between natural and managed
forests. For Fig. 1a the natural landscape age classes are derived from Bergeron et al. (2004), while those of the managed landscape are derived from
the Québec forest inventory map of the 3rd decadal program (1990)
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Fig. 1a, depicting a real landscape in western Québec
and showing how management has resulted in the
decline in patch sizes and old forests. In fact, the natural
landscape was characterised by large tracks of forests
older than 200 years, whereas in the managed landscape
the remaining old forests are now scattered among youn-
ger forest, which has increased considerably (Fig. 1). The
decrease in the amount of old forest is in part due to
harvesting cycles, which are much shorter than natural
disturbance cycles (Fig. 1a and b; Table 1). The situation is
similar in Fennoscandian landscapes, where old forest is
equally scarce and the managed forest landscape is even
more regulated compared with north-eastern Canada
(Kuuluvainen 2009; Angelstam et al. 2011).
Such major changes in forest landscape ‘architecture’
have obvious consequences on tree species composition
and structural biodiversity attributes of forests. In par-
ticular, the proportion of young stands with early succes-
sional tree species has increased at the expense of older
stands and late successional tree species (Table 1; Cyr et
al. 2009; Kuuluvainen 2009). This means decline in big
trees with cavities, large snags and large standing and
downed dead wood, which detrimentally affects
ecological processes and increase pressure to organisms
dependent on such habitat features (Hanski 2000;
Nordén et al. 2013).
In Fennoscandia, it has been shown how the loss of
natural structural elements in managed forests has led
to the decline of biodiversity (Auvinen et al. 2007;
Kuuluvainen and Siitonen 2013). For example, in Finnish
managed forests the decline of dead wood amounts is
estimated to be the main cause of species becoming
threatened for one-third of the threatened forest species
(over 500 species) (Rassi et al. 2010). In Finnish man-
aged forests there are on average 4–6 m3∙ha− 1 of dead
wood, which is less than 10% of natural levels (Siitonen
2001). Obviously such low levels of dead wood are below
the threshold of species that demand more natural dead-
wood habitat conditions (Nordén et al. 2013). The na-
tional and European Union -level ambitions to increase
forest biomass harvesting to replace fossil fuels would
likely lead to further decline in dead wood and related
diversity in forests, as well as the forest carbon store and
sink in short term at least (Helmisaari et al. 2014;
EASAC 2017). Notably the dead wood levels in the man-
aged boreal forests of eastern Canada are much higher
Table 1 Comparison of the main features of forests and forestry, and the condition of young and old forest successional stages, in
north-eastern Canada and Fennoscandia
North-eastern Canada Fennoscandia
Type of management Extensive Intensive
Type of forest harvested Cutting natural forest and moving towards north.
In certain regions starting to harvest second
growth forests
Cutting mostly second growth as forest mostly
managed. Some natural forest still harvested
Dominant management type Even-aged management with clearcutting
and advance regeneration protection
Even-aged management with clearcutting
followed by planting with native species
Protected productive forest < 8% (Andrew et al. 2014) < 6% (regionally highly variable)
Cutting rotation vs natural
disturbance (fire) cycle
Rotation 60–90 years for Black spruce forests;
fire cycle 90–300 years
Rotation 60–120 depending on site type and
geographic location; fire cycle 60–300+ years
(currently fires practically excluded by suppression)
Old forest
Quantity Decreased but still remain in large patches
in certain regions
Amount collapsed but some larger patches remain
in northern protected less productive areas
Quality Partly natural, in northern less productive areas Partly natural, in northern protected less productive
areas
Dead wood amounts 17–160 m3∙ha−1 in natural vs. 10–153 m3∙ha− 1
in managed forests
60–120 m3∙ha− 1 in natural vs. 4–10 m3∙ha− 1 in
managed forests
Threats Cuttings, climate change, increasing disturbances Cuttings, climate change, increasing disturbances
Young forest
Quantity Increased Increased substantially
Quality Natural regeneration after clearcut harvesting
in parts
Mostly soil scarification and planting after
clearcutting, thinning of young forest, scarcity
of dead wood.
Management practises Natural regeneration after natural disturbances
in parts
Retention trees left on clearcuts, natural young
forests practically lacking
Threats Increasing amount of salvage logging after
natural disturbance, regeneration failure
Increasing harvesting of all biomass components,
regeneration failure
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compared with Fennoscandia, apparently due to differ-
ences in management and natural legacies (Table 1).
However, these natural legacies of dead wood will probably
decay and diminish with time and intensifying manage-
ment, as has happened in Fennoscandian managed forests.
Disappearance of natural features (quality) in managed
forests is usually accompanied by decline in the area of
natural forests (quantity) (Fig. 1). In Fennoscandia, the
decline of natural forests has been a long process, in-
cluding various historical uses of forests. However, the
decline and the fragmentation of the remaining natural
forest profoundly accelerated with the rise of forest
industry and intensification of forest management after
World War II (Esseen et al. 1997; Keto-Tokoi and
Kuuluvainen 2014). The result of this historical processs is
that most of the remaining natural protected forest is situ-
ated in the northern low-productivity areas (Angelstam
and Andersson 2001), whereas only small fragments of
isolated natural forest remain protected in southern areas.
This makes rehabilitation of natural forest habitats and es-
tablishment of functional protection area networks in
southern high biodiversity forests difficult and expensive,
notably as it would probably require patient large-scale
restoration of managed forest designated as new protected
areas (Angelstam and Andersson 2001; Halme et al. 2013).
Such a situation highlights the importance of the quality
of the managed forest matrix in attaining ecosystem man-
agement goals (Lindenmayer and Franklin 2002).
Compared with Fennoscandia, where forests have been
in one way or other utilised for centuries and a large
share of forests are under their second intensive rota-
tion, in north-eastern Canada harvesting is still mostly
taking place in natural forest in the north. In these
forests, when possible, regeneration is provided by har-
vesting with protection of advance regeneration and soil,
while plantation (mostly with native species) is also used
to insure the maintenance of forest productivity. The
harvested natural forest also has structural legacies such
as dead wood pools which only slowly start decaying
away after first cutting. Overall, this means that the for-
ests under management in north-eastern Canada
currently have more natural legacies left in the forest as
compared to Fennoscandia (e.g. dead wood) and that
there is still a potential for proactive design of forest
landscapes and protection area networks based on
current scientific knowledge and considering anticipated
climate change effects on species range shifts.
The comparison of north-eastern Canada and Fenno-
scandia shows that the history of forest management
strongly affects the means, approaches and possibilities
for practising ecosystem management by focusing on
key ecosystem characteristics such as quantity and qual-
ity of young and old forest developmental stages. In
Fennoscandia, attaining more sustainable levels of
natural forest habitat (e.g. 10% or natural levels) requires
large-scale restoration of managed forest, whereas in
Canada the question is more on how to harvest to main-
tain existing key ecosystem qualities and quantities
(Gauthier et al. 2009a; Kuuluvainen 2009; Angelstam
and Anderson 2001). In both cases it is important to
understand the ecology of the structure and dynamics of
the forest ecosystem, where natural disturbance regime
plays a key role. Based on this notion, region-specific
emulation of natural disturbances (END) has been
proposed as a relevant approach in forest ecosystem
management (Bergeron et al. 2002; Gauthier et al.
2009b; Kuuluvainen and Grenfell 2012).
Historical disturbance regimes and successional
stage distributions in the North Atlantic boreal
forest
Understanding natural disturbances and their impact on
forest structure is important, because they largely deter-
mine the spatio-temporal dynamics of forest succes-
sional stages and the habitat mosaic structures available
for forest-dwelling species (Pickett and White 1985).
Past forest structural conditions represent an ecological
and evolutionary template, in which the ecosystem and
its species have developed. To evaluate the current eco-
logical condition of forests, and how it has developed
and may develop in the future, it is imperative to under-
stand both past and present forest disturbance regimes,
and their impacts on forest ecosystems from local stand
to regional scales (Bartemucci et al. 2002; Shorohova et
al. 2009; Kneeshaw et al. 2011; Kuuluvainen and Aakala
2011; Bergeron and Fenton 2012).
Certain older descriptions characterise the boreal for-
est as composed of monospecific post-fire stands, where
fires are frequent enough to prevent old forest character-
istics from developing (Fig. 2a; Johnson 1992; Payette
1992). Although such situations and forests exist, re-
search carried out during the past decades, notably in
North Atlantic boreal forests, has revealed a very differ-
ent overall picture of intrinsic boreal forest structure
and dynamics. In north-eastern Canada, for example,
stand replacing fires are less frequent than in central
Canada, resulting at a higher natural representation of
stands of old age (Bergeron et al. 2001; Bélisle et al.
2011). In the Fennoscandian situation, non-stand re-
placing disturbances such as low to medium-severity
fires, windstorms and insect outbreaks, have historically
been common (Fig. 2c and d; Kuuluvainen 2009;
Shorohova et al. 2009), resulting in stand structures with
multiple tree age cohorts and small-scale gap/patch dy-
namics in late-successional forests (Gromtsev 2002;
Kuuluvainen 2009; Kuuluvainen and Aakala 2011). How-
ever, due to intensive forest management, natural distur-
bances are rare and forest structure and dynamics are
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controlled by management disturbances. Forest fires, in
particular, are efficiently extinguished due to the dense
forest road network.
In contrast to the earlier views, structurally diverse
late-successional forests appear to be common in boreal
forest landscapes, either because disturbance return
times are long as in north eastern Canada (Shorohova et
al. 2009), or because forest dynamics are driven by a di-
verse set of partial or non-stand-replacing disturbances
(Kuuluvainen and Aakala 2011, Fig. 2b, c, d). Import-
antly, the characteristics and definition of old-growth
forest vary according to dominance of disturbance types
and severities, and tree species resistance and response
traits to these disturbances (Fig. 2). For example, the
ecological impact of fire on forest structure and succes-
sional stage distributions finally depends on tree species
resistance to disturbance and tree species traits, such as
regeneration strategy (Fig. 2; Rogers et al. 2015;
Sánchez-Pinillos et al. 2016).
In areas where fire return intervals are long (longer
than median natural longevity of the main tree species)
or low-intensity surface fires dominate, old forest
dominate and autogenic disturbances such as tree
senescence-related insect outbreaks, fungi and wind-
throw become important small-scale drivers of forest
structure and dynamics (Fig. 1; McCarthy 2001). Such
dynamics is naturally common in much of the North At-
lantic forest under maritime or semi-maritime climate
(Kneeshaw et al. 2011; Kuuluvainen and Aakala 2011). It
is most commonly the case, however, that a variable set
of different allogenic and autogenic disturbances are
jointly driving the dynamics of boreal forest landscapes.
It becomes clear from this short summary that the in-
trinsic structures and dynamics of forests vary at mul-
tiple scales, from local stand to regional, and up to
continental scales. This emphasises the importance of
local knowledge of forest ecology when setting goals for
ecosystem management. However, in addition to intrin-
sic dynamics, anthropogenic drivers also need to be
considered.
Lessons from North Atlantic forest management
Global change drivers, including direct human impacts
and climate change effects, are strongly affecting the cir-
cumboreal forest, changing forest structure and dynam-
ics, and the distribution of young versus old forest
compared with historical conditions (Table 1; Cyr et al.
2009; Kuuluvainen 2009). Not only does the area of
post-disturbance forest increase substantially, but also
the ecological quality of forest change compared to
natural young forest. At the same time, a concomitant
decrease in the share of old forests, and their ecological
a b
c d
Fig. 2 A model based illustration of how forest stand age distribution and species composition at the landscape level depends on the interaction
between fire regime and tree species traits. Young forest cover a major part of the landscape when disturbances are stand-replacing or severe.
The share of old forest is emphasized when disturbances are of medium to low severity. a All fires are stand-replacing. b High-severity fires
prevail, but some fire-tolerant species survive fires. c Fires are of moderate severity. d Low-severity fires dominate and large fire-tolerant species
survive. The figure is redrawn from Pennanen’s (2002) Fig. 2; the results are based on model simulations and represent steady-state distributions,
where the fire rotation was 95 years. Stand age is classified based on the oldest tree cohort (for details see Pennanen 2002)
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quality, is concurrently taking place, and is predicted to
continue in the future (Fig. 3; Kuuluvainen 2009). The
question then is, what are the ecological consequences
of this vast shift in boreal forest ecosystem structure and
what could be done to mitigate the concomitant adverse
impacts? We discuss this by reviewing the lessons
learned from two contrasting regions with intensive
versus extensive forest management regimes.
Fennoscandia: increasing timber yield but declining
biodiversity
Within the boreal zone, the forests in Fennoscandian
countries (Finland, Sweden and Norway) have been under
the most intensive and long-lasting utilization (Table 1).
These forests have been shaped by a historical sequence of
various and regionally variable human uses, from
primitive hunter-gatherers to slash-and-burn agriculture
and selective logging of best sawn timber, to modern
plantation-type intensive forestry (Josefsson et al. 2009).
Old natural forest on the whole disappeared as early as
some hundreds of years ago in the southern Fennoscandia,
but this decline has taken place more recently in the
northern parts (Keto-Tokoi and Kuuluvainen 2014, page
219). Because of long traditions in taxonomic studies, the
characteristics and changes of forest biota in response to
human actions are perhaps better known than anywhere
else. This has also facilitated the evaluation of the
long-term impact of intensive forestry on forests and their
biota (Kuuluvainen and Siitonen 2013).
The intensive Scandinavian model of forest manage-
ment, based on growing fully stocked even-aged stands
with short rotation cycles (compared with natural stand
dynamics; Fig. 1b), has been successful in increasing tim-
ber volume and growth (which are continuously increas-
ing). However, this management approach has caused
profound ecological changes in forest ecosystem struc-
ture and functioning, the most significant ones being the
suppression of natural disturbances (especially low and
medium intensity fires), the decline and fragmentation
of old forest with natural legacies, an increase in homo-
geneous young forest following clearcutting, and an de-
cline in quantity and diversity of dead wood (Fig. 1;
Kouki et al. 2001; Siitonen 2001; Kuuluvainen 2009).
The overall result has been a decline in the diversity and
ecological variability of forest habitats, and their associ-
ated species (Berg et al. 1994; Rassi et al. 2010; Nordén
et al. 2013). For example in Finland 35% of threatened
forest species use old forest as their main habitat (Rassi
et al. 2010), and 70% of forest habitats was classified as
threatened, often due to qualitative deterioration such as
reduced amounts of dead wood and simplified stand
structure (Raunio et al. 2008).
The Scandinavian experience shows that focusing on
sustainable timber yield management and increasing
timber production are not necessarily compatible with
broader sustainability goals, including biodiversity
conservation and maintenance of multiple ecosystem
services (Kuuluvainen 2009; Peura et al. 2018). In par-
ticular, anthropogenic disturbances from even-aged for-
ests management lead to a decline in late-successional
forest structures and an increase in structurally monot-
onous young forest, mostly originating from plantings.
This can in the long run cause local extinctions of spe-
cies, which depend on natural forests and their specific
properties, such as diverse dead wood (Hanski 2000;
Rassi et al. 2010). In Fennoscandia, the grand challenges
of ecosystem management are to reverse the trend
in declining biodiversity and patiently strive for a
more balanced state between different dimensions of
sustainability.
North-Eastern Canada: changes in the quantity and
quality of young forest
The ecological value of old forest has been emphasized
for a long time, but recently the importance of young
forest with natural post-disturbance characteristics has
also been highlighted (Swanson et al. 2011). The areas of
young and old forests have been increasing and decreas-
ing, respectively, in eastern Canadian forests under ex-
tensive management, as compared to the natural
variability observed during the Holocene (Table 1; Cyr et
al. 2009). The proportion of post-disturbance develop-
mental stages of forest are predicted to increase (Table 2)
with the projected warming climate and in certain re-
gions of eastern Canada the amount of young forest may
Fig. 3 An example from Finland of the development of young versus
old forest age classes. The data are from Finnish National Forest Inventory
from 1952 to 2011. Data is available from the Finnish Yearbook of
Forestry (2012, Table 1.12). Redrawn from Kotiaho (2017)
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reach levels that are outside the natural range of vari-
ability observed in the past 200–300 years.
Table 2 provides an example of four regions of
northeastern Canada in terms of potential change in the
importance of young forests (0–30 years) in landscapes
as compared to past historical distribution. When future
fire projection is compiled and added to the current har-
vesting levels, a higher proportion of young forest as
compared to the past is predicted (Table 2).
With current and future drivers of change, the share
of young forests would not only be increasing, but their
quality could also be declining both because of both
post-harvesting management practices and increased sal-
vage logging (Venier et al. 2014). In terms of habitat
quality, natural disturbance sites have important struc-
tural legacies, such as dead burned trees, dead wood,
regenerating shrubs and herbaceous plants, which make
this forest stage an important habitat for a large number
of organisms.
Moreover, recently disturbed ecosystems are changing
and developing rapidly on a year to year basis. They are
thus characterised by both high biodiversity and high
species and habitat type turnover (Boulanger and Sirois
2007; Angers et al. 2011). These diversity of species and
dynamics also depends on the type, intensity and
severity of disturbances (Nappi et al. 2010). In natural
conditions, the post-disturbance stage with specific leg-
acies is crucial for ecosystem adaptation, because then
the system can reorganise with the emergence of new
combinations of species and genetic materials facilitating
adaptation to new conditions (Lindenmayer et al. 2013;
Gauthier et al. 2014; Swanson et al. 2011).
In contrast to natural forest, in managed forest this
post-disturbance (post-harvest) stage has low diversity of
structural legacies and forest regeneration is often con-
trolled through tree planting and vegetation control,
and/or pre-commercial thinning. This situation tends to
create more homogeneous and less diverse stands, which
may impair the adaptive capacity of the forest ecosystem
to novel conditions. In eastern Canada, however, large
portions of harvested areas are naturally regenerated,
thereby creating heterogeneity in the young forest stages
as compared to Fennoscandia where this phase is gener-
ally more strictly controlled (Kuuluvainen and Siitonen
2013; Venier et al. 2014). However, certain differences
between fire and harvesting with soil protection and
advanced regeneration are recognised in the legacies of
forest composition or soil fertility (Carleton and Maclellan
1994; Nguyen-Xuan et al. 2000; Venier et al. 2014;
Maynard et al. 2014), with potential impacts on biodiversity.
To compensate for the economic losses due to fire, in-
sect outbreaks or windstorm damages in timber produc-
tion forest, the practice of salvage logging has increased,
notably in eastern North American boreal forest (Nappi
et al. 2004; Schmiegelow et al., 2006; Saint-Germain and
Greene 2009; Venier et al. 2014). Although post fire sal-
vage logging is currently less important in Fennoscandia,
the large Westmanland fire in 2014 in Sweden lifted this
issue onto the table also in northern Europe. Moreover,
future disturbance rate may increase the use of this
practice throughout the boreal forest.
Salvage logging has been shown to impact several eco-
system functions: after such double disturbances (natural
and human-caused) the short-term recovery of a forest
can be slowed for coniferous trees (Greene et al. 2006),
and for numerous species that are associated with dead-
wood (Thorn et al. 2017) or that require special disturb-
ance features such as uprooting pits and mounds
(Waldron et al. 2013) for their development. Salvage log-
ging can also change the landscape share of different
stand composition types by favoring deciduous trees
over coniferous ones (Lindenmayer et al. 2013; Boucher
et al. 2014).
Why and how to restore and manage for young
and old forests proportions in landscapes?
In the preceding sections we have shown that both in
north-eastern Canada and Fennoscandia, major changes
in quantity and quality of young and old forest stages have
taken place during the recent past, with potential adverse
and cumulative impacts on ecosystem functioning, bio-
diversity and resilience. Furthermore, the climate, which is
projected to become dryer in certain regions (notably in
the eastern parts of Fennoscandia), can also influence the
resilience of the closed forest, possibly favoring develop-
ment toward more opened forests (Scheffer et al. 2012;
Fig. 4). To mitigate such risks several approaches based on
ecosystem management principles have been suggested
(Gauthier et al. 2009b; Kuuluvainen 2016), although their
wide application has not occurred yet.
The increased share of young forests in landscapes can
create forest mosaics which are more vulnerable to a
regeneration failure (Jasinski and Payette 2005; Girard et
al. 2008; Splawinski et al. 2018), have greater sensitivity to
climatic anomalies, such as drought or early/late frost
(which might be expected to increase under climate
change, Stevens-Rumann et al. 2017), and which have
higher risk for opportunistic species invasions as climate
becomes more benign for them (Dukes et al. 2009). In an
increasingly fragmented landscape, species requiring nat-
ural forest habitat may face high risk of population decline
and local extinctions (Hanski 2000). These vulnerabilities
can be further amplified by the general simplification of
ecosystem structure due to the general use of clearcut har-
vesting and even-aged forest management (Fig. 1).
The extent of even-aged management needs to be re-
duced to maintain desired proportions of young and old
forest age classes in landscapes, and hence to maintain
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biodiversity and mitigate the risks of future disturbances.
Limiting the amount of young forests and increasing the
share of stands with old forest characteristics is
important. This points toward the need to increase
uneven-aged and/or continuous cover forest manage-
ment approaches to maintain desired levels of
late-successional trees and forests in landscapes (Bauhus
et al. 2009; Kuuluvainen 2009; Peura et al. 2018). De-
pending on conditions, these management approaches
may alleviate certain ecological problems associated with
current management approaches (e.g. Kuuluvainen et al.
2012; Peura et al. 2018), along with providing an eco-
nomically attractive alternative (Pukkala et al. 2011;
Kuuluvainen et al. 2012; Rämö and Tahvonen 2014). For
example, Pukkala et al. (2016) found that uneven-aged
stands were less prone to windthrow compared with
even-aged stands. Similarly, Leduc et al. (2015) observed
that landscape with a high share of old forest were less
vulnerable to increases in the annual area burned.
To maintain desired proportions of young and old forest
age classes, managers should pay special attention to risks
posed by an increase in natural disturbances (Savage et al.
2010; Raulier et al. 2013). This is important to avoid over-
harvesting and associated rapid changes in forest age class
distribution. This also creates a need to forest policies find
economic incentives for changing current practices (Moen
et al. 2014). More studies looking at trade-offs and syner-
gies between different management approaches could help
find solutions that are ecologically and economically feas-
ible. Managing to optimise value rather than volume, can
also be a good practice for decreasing the level of harvest-
ing (Rijal 2017).
Fig. 4 Illustration of climate envelope modelling results on the potential impact of future climatic projection (extreme CO2 emission scenario AR4
A2) for 2100 on the direction of change in forest characteristics in north-eastern Canada and Fennoscandia; based on Fig. 2 in Gauthier et al.
(2015a), where more details can be found. In brief, the potential change in biome type is illustrated after overlaying Whittaker’s (1975) terrestrial
biome climate spaces on the mean annual temperature (MAT) and mean annual precipitation (MAP) of global circumboreal forests for
the 1961-1990 and 2080-2090. 10-minute resolution monthly global climate data from CCCMA’s CGCM3.1 (T47) model were obtained
from (Tabor and Williams 2010) periods. Data were averaged over the periods to derive MAT and MAP
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Designation of protected areas, where processes are
left to occur without direct human intervention, is one
way to maintain biodiversity and the adaptive capacity of
the boreal forest (Andrew et al. 2014). Hannah et al.
(2007) suggest that to allow for adaptation to take place
in the context of global change, more protected area is
required, emphasising the need to increase the conserva-
tion efforts in the managed portion of the boreal forest
(Andrew et al. 2014).
The use of ecosystem management near and between
protected areas can help the species to migrate and keep
up with the change in climate (Pedlar et al. 2012). This ar-
gues in favor of the use of functional zoning approaches,
such as the triad approach, in which the management unit
is divided into three different zones where conservation,
intensive timber production, and extensive management
are applied (Seymour and Hunter 1992; McAfee et al.
2010). This can enable efficient planning for the various
services from forests that are desired by society.
How to restore natural characteristics of young
and old forests?
The maintenance of heterogeneity at the stand and land-
scape levels (i.e. habitat diversity) is pivotal for fostering
forest resilience (Fig. 1; Campbell et al. 2009; Gauthier et
al. 2009a). This is notably the case in terms of the qual-
ities of both young and old forest stages. For example,
conservation of at least one-third of the area of each fire
could be necessary for maintaining the variety of forest
composition/fire severity combinations needed to ensure
the maintenance of biodiversity in recently burned areas
(Nappi et al. 2011; Thorn et al. 2017). This would pro-
vide important post-disturbance habitat features, includ-
ing pits and mounds, and burned and overall diversity of
dead wood.
In areas with active fire dynamics, conservation of old
forest can be achieved in areas large enough compared
to the average size of fires, so that certain forest areas
can escape fires. Forest can also be managed with longer
rotation than those traditionally used (Burton et al.
1999). Adapted silviculture using the multi-cohort
approach, where structural attributes are maintained or
restored, is one approach (Bergeron et al. 1999). Atten-
tion could also be given to disturbing the soil to avoid
phenomena such as the paludification, and that specific
species are not overwhelmingly favoured or disfavorued,
as has been the case in harvested sites in the north
eastern boreal forest of Canada (Venier et al. 2014).
Future prospects and vulnerabilities
It has been suggested that the health of the boreal forest
and its capacity to provide important goods and services
to society (e.g. timber, biodiversity, clean water, regula-
tion of global biochemical cycles, recreation) could be
jeopardised because of the ongoing global changes
(Gauthier et al. 2015a, 2015b). At the same time, it is
evident that the inherent resilience of the boreal forest
to environmental changes and stresses is in general rela-
tively high. This is because, for example, most tree
species have large environmental tolerance ranges, large
population sizes, and high genetic variation within popu-
lations, as they are mostly wind pollinated (Aitken et al.
2008). Holocene studies also suggest that the tree species
pool has regionally remained quite similar, despite
drastic changes in climatic conditions and fire regimes
(Carcaillet et al. 2010; Blarquez et al. 2014). This signals
high inherent ecosystem resilience, which is promising
considering the possibility of provisioning of ecosystem
services in the future.
We must be emphasise, however, that the future cap-
acity of the boreal forest to adapt is difficult to assess.
This is because of the quality and speed of the forecasted
changes, which are unparalleled and novel compared to
past ecological history. Moreover, the cumulative effects
of past and ongoing management practices are largely
unknown and may already have reduced the biodiversity
and adaptive capacity of the boreal forest to face the up-
coming rapid changes in environmental conditions
(Gauthier et al. 2015a).
Throughout the circumboreal zone, industrial scale
forest management, together with other resource utilisa-
tion and natural disturbances, have drastically decreased
the proportion of old forest and increased the share of
young post-disturbance forest as compared to past his-
torical conditions (Cyr et al. 2009; Kuuluvainen 2009).
This development is likely to continue, and even acceler-
ate, in the future, as the intensity of both forest utilisa-
tion and natural disturbances are expected to amplify in
the future climatic conditions (Burton et al. 2010;
Gauthier et al. 2015a, 2015b). Overall, these develop-
ments are excerting an unprecedentant structural trans-
formations on the boreal forest ecosystem, with major
repercussions and threads to key ecosystem properties
and processes, such as biodiversity, carbon dynamics,
ecosystem resilience and adaptive capacity.
Conclusions and Recommendations
Instead of optimising for a narrow range of commodity
products, forest management should aim at maintaining
a diversity of potential responses to face uncertain future
conditions. Here, the ecological importance of young
post-disturbance forests is perhaps overlooked the most.
This ecosystem stage is pivotal for disturbance-associ-
ated ecosystem reorganisation, which provides an
opportunity for ecosystem adaptation to changing
environments through establisshment of new combina-
tions of species and genotypes (Burton et al. 2013;
Swanson et al. 2011). Under natural conditions, young
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post-disturbance forests are hosting a large number of
organisms benefiting from open canopies, large amounts
of woody debris, high structural diversity and above
ground structure left by the disturbances (Siitonen 2001;
Swanson et al. 2011). To safeguard the essential eco-
logical functions of young forests, it is necessary to leave
sufficient retention as critical post-disturbance habitat
elements (Nappi et al. 2011; Lindenmayer et al. 2013).
In a warming climate, post-disturbance forest stages may
also face increased risk of regeneration failure (Splawinski
et al. 2018). This means that the post-disturbance stage
may be crucial for maintaining ecosystem resilience (a situ-
ation which would warrant their monitoring) in the future.
Management options aiming to avoid post-disturbance re-
generation failures may include assisted species or proven-
ance migrations, leaving natural disturbance legacies that
enhance tree regeneration (Millar et al. 2007; O’Neill et al.
2008; Pedlar et al. 2012), and favouring of species or prov-
enance mixtures that spread the risks and increase the
probability of efficient utilisation of future growth
conditions (Campbell et al. 2009).
Old forests are an essential, and often a dominant,
component of unmanaged boreal forest landscapes
(Kuuluvainen 2009; Bergeron and Fenton 2012). The
ecological value and biodiversity of old forests has long
been regoqnised (Kuuluvainen 2009; Bergeron and
Fenton 2012). For example, they are known to harbour a
number of specialised species, which are vulnerable to
the decline in the quantity and quality of this habitat
(e.g. Nordén et al. 2013). This indicates that old-growth
forests are of high conservation priority (but see Fig. 3).
In addition, silvicultural practices can be implemented
to maintain or rehabilitate structural and compos-
itional heterogeneity typical of late-successional for-
ests. Such management can utilise approaches such as
high-retention forestry, continuous-cover silviculture
and management inspired by natural disturbances
(Gustafsson et al. 2010; Burton and Macdonald 2011;
Kuuluvainen and Grenfell 2012).
We call upon a holistic approach to landscape man-
agement, where specific attention is given to maintaining
the proportion and ecological quality of young versus
old forest characteristics, as inspired by naturally
dynamic forest landscapes. We encourage further exam-
ination and innovative use of mixed management
approaches, which strive to maximise positive synergies
between key forest ecosystem services, such as carbon
sequestration, economic profit and biodiversity mainten-
ance (e.g. Pukkala 2016; Peura et al. 2018).
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